INTRODUCTION
Imprinted genes are those genes in the genome that are expressed predominantly from only one of the parental chromosomes (1-7). The imprinting mechanism involves epigenetic modifications of DNA such as DNA methylation. Imprinted genes play important roles in development, in particular in fetal growth, placental development, cell proliferation and behaviour after birth. Deregulation of imprinting is implicated in a number of human cancers and genetic diseases. A significant number of imprinted genes are organized in clusters in the genome. Imprinting clusters seem to be embedded in chromosomal domains characterized by epigenetic features such as differences in DNA replication and meiotic recombination frequencies between the two parental copies (8) (9) (10) (11) . This suggests that aspects of regulation of imprinting could occur at the level of the whole cluster. Indeed in the PWS/AS cluster (see below), an 'imprinting centre' exists that controls imprinting of genes in the cluster (5, 12) . Whether other clusters have 'imprinting centres' is not known. Clustering could also implicate more local relationships between individual genes in terms of coordinated regulation and perhaps also of functional interaction. Mechanistic interactions of clustered imprinted genes may occur, for example by enhancer competition or cis-acting RNAs (1, 3, 6) . In addition, individual imprinted genes have gene-specific *To whom correspondence should be addressed. Tel: +44 1223 832312; Fax: +44 1223 836481; Email: wolf.reik@bbsrc.ac.uk control elements that are likely to be involved in tissue-and developmental-specific regulation of imprinting (1, 6) .
In humans, two major imprinting clusters are associated with two of the classical imprinting diseases, Prader-Willi/Angelman syndromes (PWS/AS) and Beckwith-Wiedemann syndrome (BWS), respectively. The PWS/AS cluster on chromosome 15 contains at least six imprinted genes (4, 5, 13, 14) . An 'imprinting centre' has been identified for this cluster: a proportion of PWS and AS patients show deregulated imprinting probably throughout the cluster, and mutations (imprinting mutations) have been identified in SNRPN exon 1 (PWS) and upstream RNA transcripts of the SNRPN gene (AS) (5, 12) . It has been postulated that the upstream transcript itself interacts in cis with an imprinting initiation site (or imprinting initiation centre) in SNRPN exon 1 and thereby promotes the switch from the paternal to the maternal imprint in the maternal germline (12) .
The BWS-associated imprinting cluster is on chromosome 11p15.5 and currently contains the paternally expressed insulinlike growth factor 2 (IGF2) (15, 16) and insulin (INS) (17) genes, and the maternally expressed H19 (18) , ASCL2 (19) , CDKN1C (p57 KIP2 ) (20) , TSSC3 (IPL) (21) and KCNQ1 (KVLQT1) (22) genes. Clone contigs of the human cluster (800-1000 kb long) have been established (23) (24) (25) , and flanking non-imprinted genes [NAP1L4 (NAP2) on the centromeric side (26) and RPL23L (L23MRP) on the telomeric side (27) ] have been identified.
In the fetal overgrowth and tumour syndrome, BWS, the most common molecular abnormality in patients is biallelic (instead of monoallelic) expression of IGF2 [loss of imprinting (LOI)] (28) (29) (30) . This can be associated with hypermethylation of the maternal alleles of H19 and IGF2 (31) . LOI might be caused by translocations (32) or other mutations in BWS patients. One translocation breakpoint cluster has been mapped to the KCNQ1 gene centromeric to IGF2 (22) (23) (24) 33, 34) . The other translocation breakpoint cluster is several megabases further centromeric (23, 33) . The translocations might disrupt an important imprinting element (such as an imprinting centre or maintenance element), or a gene whose expression is important for the control of regional imprinting. Translocations could also separate parts of the imprinting cluster from necessary cis-acting elements. A minority of patients have mutations in CDKN1C (35) (36) (37) , but whether these lead to LOI or otherwise increased IGF2 expression is not known. The mutations and molecular pathology of BWS are therefore complex, and may involve several genes in the cluster (with possibly an ultimate effect on IGF2 action) (30) .
Mechanistic aspects of regulation and deregulation of imprinted genes in the cluster together with their phenotypic consequences can be best addressed in mouse transgenic and knockout models. In the mouse, the BWS-associated imprinting cluster is located on distal chromosome 7. Several knockouts and overexpression transgenics have provided important insights into the phenotypes and regulation of genes in the cluster, and have resulted in valuable mouse models of BWS (38) (39) (40) (41) . However, detailed information about the physical organization of the equivalent region in the mouse is missing. The region from Rpl23l to Cdkn1c has been shown to be physically linked in the mouse (42) (43) (44) and to contain the Kcnq1 gene as does the human BWS cluster (44) . We have established a contig of phage P1-derived (P1), bacterial (BAC) and yeast artificial chromosome (YAC) clones for the entire cluster and show that the syntenic region in mouse and human also covers the Nap1l4 gene. We present a detailed physical map of the imprinting cluster in the mouse and an imprinting analysis of the Nap1l4 and Kcnq1 genes.
RESULTS

Genetic mapping and establishment of a physical contig from Nap1l4 to H19
A genetic map of the region was generated using a backcross of SD7/+ males against +/+ females (SD7 is a congenic mouse strain which carries a defined segment of distal chromosome 7 of Mus spretus on a Mus musculus domesticus background). A total of 133 progeny from the cross were typed by PCR followed by restriction enzyme digestion which allowed us to distinguish between M.m.domesticus and M.spretus alleles for Nap1l4, Cdkn1c, Kcnq1, H19, Rpl23l and Nttp1 (45) . One recombination event was observed between Kcnq1 and H19, and two recombination events were observed between Rpl23l and Nttp1. This allowed us to localize Nttp1 to the downstream region of H19 (Fig. 1 ). The order of these genes on distal chromosome 7 is (Nap1l4/Cdkn1c/ Kcnq1)-(0.75 cM)-(H19/Rpl23l)-(1.5 cM)-Nttp1. In order to see whether imprinted genes on distal chromosome 7 of the mouse are indeed confined to the imprinting cluster, we examined the imprinting status of Nttp1. Our RT-PCR analysis revealed biallelic expression of Nttp1 in all tissues analysed (data not shown).
In order to show that the genes between Nap1l4/Cdkn1c and H19/Rpl23l are not only genetically linked but localized in the same cluster syntenic with the human BWS cluster, we established a contig of BAC, P1 and YAC clones for this region. These clones were isolated using genomic and cDNA probes from Igf2, Ins2, Mash2, Cdkn1c, Nap1l4 and Kcnq1 which were presumed to map to the region (Fig. 1) . The BAC, P1 and YAC inserts were linked by Southern blot hybridization using (i) the aforementioned genomic and cDNA probes; (ii) intact inserts of the clones; and (iii) probes derived from the ends of the cloned DNA fragments (see Materials and Methods). A physical map of these genes was constructed and a basic restriction map was established for the region from Nap1l4 to Mash2. The whole cluster from Nap1l4 to H19 is ∼1 Mb in length. The positions of Nap1l4, Cdkn1c, Tssc3, Cd81 (Tapa-1) (46) and Kcnq1 were established on the map along with their transcriptional orientation. All these genes are transcribed in the same direction, with the exception of Kcnq1 and Cd81 that are transcribed in the opposite direction. These results demonstrate complete synteny of this segment of distal mouse chromosome 7 with the human 11p15.5 region (24, 25) .
Structure and imprinting of Kcnq1
Although there is considerable information concerning human KCNQ1 (which encodes a potassium channel protein), little is known about the genomic structure of murine Kcnq1. Using the mouse cDNA sequence of Kcnq1 (accession no. U70068), we were able to localize its position between Cd81 and Cdkn1c and to place several exons on the physical map (Fig. 1B) . Human KCNQ1 has at least two different 5′ leader exons, with additional splice variants that can give rise to untranslated RNA isoforms (22) . To establish whether this is also the case in mouse, we carried out 5′ RACE using primers in exons 2 and 3 to identify all upstream exons. Our results showed that, in addition to the published mouse 5′ leader exon (47) (henceforth referred to as (42, 43) , respectively, are based on previously published data. The map is completed by our data on the positions of Nap1l4, Tssc3, Cdkn1c, Kcnq1, Cd81 and Nttp1, and the position of Th in mouse has not been mapped so far. Th is present in the human imprinting cluster on chromosome 11p15.5 (24, 25) and is therefore shown in parentheses. The gap in the bar between Rpl23l and Nttp1 indicates that the physical distance between Nttp1 and the imprinting cluster is so far unknown. 1α), a novel sequence was identified which did not show homology to any known sequences. Subsequent RT-PCR using primers specific for the 5′ end of the new sequence and exon 2 confirmed the existence of the original 5′ RACE product and resulted in three additional RT-PCR products. Sequencing and Southern blot analysis revealed the existence of four new exons (1β-1ε) (accession nos AJ002199, AJ002200, AJ002201, AJ002202) downstream of exon 1α. It should be noted that sequences corresponding to exons 1b, 1c and 2a described in the human (22) were not identified in the mouse. The exons 1α-1ε are differentially spliced onto exon 1 so that, in all, there are at least five different splice variants of the Kcnq1 RNA in the mouse. We expect the two promoters of these transcripts to be upstream of 1α and of 1β, respectively. The splice variants I and II contain an 'in-frame' ATG and therefore have the potential to be translated (Fig. 2B ). Assuming that splice variant II is translated, it would result in an altered form of the predicted first transmembrane domain of the functional protein (S1) (47) . This isoform could function to inhibit the formation of functional Kcnq1 channels in a similar fashion to the truncated isoform 2 identified in humans (48) . We predict that splice variants III and IV are untranslated as they contain stop codons upstream of exon 1 'in-frame' with the rest of the Kcnq1 transcript. While they do contain start codons in alternative reading frames, these are unlikely to be translated because they either would produce very small peptides (<20 amino acids) or do not meet the criteria for functional ATG start codons (49) . Splice variant V does not contain any 'in-frame' start or stop codons upstream of exon 1 so we are unable to predict if this splice variant is translated. It is possible that the transcribed sequence may start further 5′.
We also performed RT-PCR in order to try and establish if there was a difference in the spatial and/or temporal expression of splice variants I and II, as both are potentially translated. PCR primers were designed to amplify from exon 1α to exon 2, and from exon 1δ to exon 2. Both splice variants are transcribed in all tissues analysed, and no significant differences in site or level of expression were found (data not shown). This does not allow any conclusions to be drawn about the imprinting status of these splice variants or their biological roles. It should be noted that nothing is known about the expression patterns, relative abundance or imprinting status of the other splice variants.
It has been shown that Kcnq1 is maternally expressed during the early stages of development and that the paternal allele progressively becomes active so that in late juvenile and adult mice Kcnq1 is expressed biallelically (44) . Our results on Kcnq1 imprinting confirm and extend these observations. We found that Kcnq1 is expressed in all embryonic and neonatal tissues analysed using RT-PCR (Fig. 2C) . Using a length polymorphism in the 3′-untranslated region (UTR) of the gene, we observed predominantly maternal expression in all fetal tissues derived from (M.m.domesticus × SD7) F1 embryos and from reciprocal crosses at day 15 of gestation, with the exception of the brain, which showed biallelic expression (Fig. 2C) . In neonates, both parental alleles were expressed in all tissues. However, there remained a slight bias towards the maternal allele, which was particularly prominent in the tongue (Fig. 2C) . These results contrast with those obtained for human KCNQ1 for which maternal expression was observed in all expressing fetal tissues except in the heart where biallelic expression was seen (22) .
Mouse Nap1l4 is not imprinted
The human NAP1L4 gene encodes a nucleosome assembly protein (NAP) which is part of a small protein family and is located next to TSSC3 (IPL) and CDKN1C (25, 26) . The human NAP1L4 gene was found to be expressed biallelically in fetal tissues (26) . This suggested a boundary between imprinted and non-imprinted genes at the centromeric end of the 11p15.5 cluster between NAP1L4 and TSSC3 (IPL).
Hybridization of the human NAP1L4 cDNA (26) to the contig confirmed the map location of mouse Nap1l4 proximal of Cdkn1c. A mouse cDNA clone for Nap1l4 was isolated using a murine PCR probe which corresponded to exon 11 of the human cDNA. To confirm that we had isolated a full-length cDNA, 5′ RACE experiments were performed which extended the length of the cDNA sequence by 28 nucleotides. The coding sequence of the mouse cDNA (accession no. AJ002198) shows 86% identity to the coding sequence of the human cDNA (accession no. U77456) leading to 95% identity for the peptide sequences.
Sequencing of RT-PCR products from fetal RNA revealed two additional splice variants (Fig. 3A) . In the peptide sequences of the variants II and III, the last valine and stop codon are replaced by KEPSQPAECKQQ (Fig. 3A) . This ECKQ motif is highly con- served in all known NAPs, suggesting that it may be functionally significant. Additionally, in isoform III, the C-terminal acidic domain is shortened by 10 amino acid residues. This truncation might affect the function of the protein since the acidic domain has been shown to be essential for the function of the human NAP1L4 (50) . Although the relative abundance of the splice variants has not been quantified exactly, splice variant II appears to be the predominant form in all tissues analysed by RT-PCR.
Northern blot analysis using the Nap1l4 cDNA as a probe revealed widespread expression of a 2.3 kb transcript in all neonatal tissues (data not shown). The expression pattern is similar to that observed for human NAP1L4 (26) and is in contrast to the expression patterns observed for imprinted genes in the cluster such as H19 and Cdkn1c, which show marked tissue-and developmentalspecific expression patterns.
As an initial assay for the imprinting status, the Nap1l4 cDNA was also hybridized to northern blots of maternal disomy distal 7 and wild-type control RNAs (Fig. 3B) . The scanned images revealed a slight excess of Nap1l4 RNA in the disomy compared with the wild-type controls in both the fetus and placenta (Fig. 3C) . In order to investigate this further, RT-PCR experiments were performed on selected tissues from (M.m.domesticus × SD7) F1 fetuses (15 d.p.c.) and neonates (1 day after birth), and also from reciprocal crosses. The allele-specific products could be distinguished using a length polymorphism between the M.spretus and M.m.domesticus Nap1l4 alleles. This revealed biallelic expression in both fetal and neonatal tissues (Fig. 3D) , and these results were confirmed by single nucleotide primer extension (SNuPE) analysis (results not shown). Hence the analysis in these crosses strongly suggests that the gene is not imprinted, although embryos with a maternal disomy of distal chromosome 7 express Nap1l4 at higher levels than normal embryos (see Discussion).
DISCUSSION
We established a contig for the imprinting cluster on distal chromosome 7 in the mouse. The imprinting region from H19 to Tssc3 is genetically and physically linked. Upstream of Tssc3 we localized Nap1l4 which appears to be non-imprinted. Kcnq1 was mapped in the centre of the cluster between Cdkn1c and Cd81. The detailed mapping analysis of the region between Mash2 and Nap1l4 together with previously published data (42) revealed a size of ∼1 Mb for the murine cluster including Tssc3, Cdkn1c, Kcnq1, Cd81, Mash2, Ins2, Igf2 and H19. The size is similar to that of the human cluster (24, 25) . These results confirm the predicted synteny of the murine imprinting cluster on distal chromosome 7 to the human BWS imprinting cluster. Although the relative transcriptional orientation of all genes appears to be conserved between mouse and human, their precise structures and relative distances still remain to be defined. In light of the functional similarities, the knowledge of the precise structures of the genes in both organisms will enable comparative analyses to identify local and regional imprinting control elements.
The mouse imprinting cluster on distal chromosome 7 is flanked on either side by non-imprinted genes, Nap1l4 and Rpl23l (43) , and further downstream Nttp1 (Fig. 1A) . However, it cannot be excluded that (i) the imprinting cluster contains genes which are not imprinted [i.e. previous analysis of Cd81 and Th knockouts did not provide any indications for imprinting (51, 52) ] and (ii) that additional imprinted genes are present further upstream of Nap1l4 or upstream of Rpl23l in the vicinity of the cluster. It is possible that the whole cluster is organized into an epigenetic domain which may, for example, lead to differences in allele-specific replication timing. A recent report (53) suggests the existence of a replication control 'boundary' that separates the asynchronously replicating Igf2-H19 from the synchronously replicating Rpl23l region. In contrast, our preliminary results on replication timing analysis show asynchronous replication with P1 and cosmid probes from outside (Nap1l4, Rpl23l and Nttp1 genes) and inside (Igf2, H19, Cdkn1c and Kcnq1) the imprinting cluster (K. Okumura et al., unpublished data). This suggests that either the imprinted domain is larger, or that the asynchronous replication domain is larger than the region of imprinted genes.
In humans, the region between NAP1L4 and TSSC3 contains a repeat element consisting of a large block of tandemly repeated GTGTGAATA motifs (21) (human 155 kb contig from chromosome 11p15.5, accession no. U90582). Direct repeats frequently are found associated with imprinted genes and are thought to play a role in the establishment or maintenance of the imprint (54) . The direct repeats associated with imprinted genes so far characterized are CG rich, whereas the repeat between TSSC3 and NAPIL4 has a low CG content. Apart from a possible function as a regulatory element for TSSC3 imprinting, the repeat could act as a structural boundary element between NAP1L4 and the imprinting cluster. So far, it is unknown if there is a similar element present between mouse Tssc3 and Nap1l4.
The Nap1l4 gene encodes a protein with homology to NAPs. The NAP family has been implicated in nucleosome assembly in vitro (50, 55, 56) , and in cell cycle control through the binding to cyclin-dependent kinase complexes (57, 58) . It is therefore intriguing to find Nap1l4 linked to a region which is epigenetically controlled by chromatin factors and DNA methylation, and which contains genes that are positive and negative regulators of cell proliferation. Although in normal embryos Nap1l4 expression was shown to be biallelic in all tissues and at all stages analysed, Nap1l4 transcript levels were reproducibly higher in maternal disomy distal 7 embryos compared with the normal biparental embryos. The same holds for H19 transcript levels, which were higher in maternal disomies than the expected 2-fold increase. In contrast, Nttp1 (non-imprinted, data not shown) and Cdkn1c (imprinted) transcript levels were as expected. It has also been reported that Igf2 levels were higher than expected in the paternal disomy of distal chromosome 7 (59) . The reasons for the expression changes of imprinted and non-imprinted genes in disomic embryos could include developmental differences between disomy and normal embryos, the presence of imprinted regulatory genes that affect transcription of other genes in the region, or the requirement for a biparental constitution for the appropriate establishment of some epigenetic modifications that control expression of individual genes. The differentially methylated region 1 in the Igf2 gene, for example, shows clear differences between paternal and maternal alleles in normal embryos (60) whereas the differences are considerably reduced between maternal and paternal disomies (J. Oswald, personal communication). Some of the phenotypes observed in disomic embryos in human and mouse could therefore be a consequence of deregulation of gene expression in addition to simple dosage effects.
The murine Kcnq1 gene is located in the centre of the imprinting cluster covering a region of 300 kb. The gene is maternally expressed in most embryonic tissues as is the human homologue. The murine Kcnq1 gene is expressed biallelically in neonatal tissues but retains a bias towards the maternal allele. This bias is strongest in the tongue, which is interesting with regard to macroglossia as a BWS symptom.
Together with the data obtained by Gould and Pfeifer (44) , our analysis shows that the imprinted expression during early embryonic development is converted gradually into biallelic expression during later stages of fetal and early post-natal development. This gradual loss of imprinted expression raises a number of questions about possible mechanisms controlling Kcnq1 expression. The simplest scenario would be that relaxation of imprinted expression is a consequence of a gradual activation of the silenced paternal allele. A second possibility might be that our [and probably also Gould and Pfeifer's (44)] RT-PCR products are mixtures of biallelic and monoallelic transcripts which might be transcribed from different promoters. Relaxation of imprinting could be caused by the appearance during development of biallelic transcripts, with or without repression of the monoallelic transcripts. Our present knowledge about the structure of the Kcnq1 transcripts and promoters, however, does not allow us to distinguish between these possibilities.
Point mutations in the coding region of human KCNQ1 cause long QT syndromes (LQTS), characterized by cardiac arrhythmias (61) . LQTS patients do not show symptoms implicated in BWS. The human KCNQ1 spans translocation breakpoints on the maternal allele in a number of BWS patients, but these patients do not show cardiac arrhythmias (22) . The transcript encoding the intact potassium channel protein seems to be expressed biallelically in the heart (22) . This indicates that different mutations are involved in LQTS and BWS syndromes. The BWS-associated translocations could remove an 'imprinting centre', could directly disrupt an imprinting element in the cluster, possibly the KCNQ1 RNA, or could simply alter the allele-specific chromatin structure by the interruption of the cluster. This could lead to the observed biallelic expression of IGF2 in KCNQ1 translocation carrier BWS patients. However, changes in regional imprinting or disruption of the allele-specific chromatin structure could also cause biallelic expression of unknown paternally expressed genes with growth-enhancing properties in the vicinity of KCNQ1.
Overall, our study establishes a sound molecular genetic basis for functional experiments in this important region. This will include searching for the possibility of an overall 'imprinting centre'; currently H19 seems to constitute a local imprinting control element that affects imprinting of Igf2, Igf2 antisense transcripts (62) and Ins2, but probably not other genes further away in the cluster (1, 63) . Other work should address the intriguing possibility (suggested from analysis of BWS patients and mouse knockouts) that various genes in this cluster may interact in physiological pathways in the control of cell proliferation and growth.
MATERIALS AND METHODS
Libraries and clones
Clones were isolated from the following libraries from the Resource Centre (Berlin, Germany): YAC library no. 902 (C57BL/6) (64), P1 library no. 703 (C57BL/6) and the cDNA library no. 522 (9 d.p.c. mouse embryo, C57BL/6). A BAC library (C57BL/6) was kindly provided by H. Himmelbauer. The YAC and P1 clones and the Nap1l4 cDNA clone are distributed by the Resource Centre using the following database names: YAC1, ICRFy902H0522; YAC17 ,  ICRFy902H06119DD2;  P1-2,  ICRFP703C21274;  P1-4,  ICRFP703D23243;  P1-15,  ICRFP703C03218;  P1-62,  ICRFP703I1043Q2; P1-64, ICRFP703G19266QD2; P1-68,  ICRFP703F07327QD2 ; Nap1l4 cDNA clone, ICRFp522I2410Q2. YAC22 (well position 288 C 3) was obtained from the Whitehead Mouse YAC I library based on the database information that the microsatellite marker D7Mit46 is present on this clone (Mouse Genome Database, Jackson Laboratory: www.informatics.jax.org).
DNA and RNA preparations
P1, BAC and plasmid DNA were isolated from liquid cultures using the QIAGEN Midi kit (Qiagen). High molecular weight DNA from yeast was prepared from liquid cultures (0.67% yeast nitrogen base, 1% casamino acid hydrolysate, 0.01% adenine, 2% glucose, pH 5.8). The DNA preparation was carried out in low melting point agarose (65) . Genomic DNA from mice was prepared according to a standard protocol (66) .
RNA preparations were performed either by a standard method (67) or using a RNeasy Mini Kit (Qiagen). Randomly primed first strand cDNA synthesis of total RNA was performed using Gibco BRL Superscript II Reverse Transcriptase according to the manufacturer's protocol.
Field inversion gel electrophoresis (FIGE) and pulse-field gel electrophoresis (PFGE)
Restriction fragments of P1 and BAC DNA (5-100 kb long) were separated in 1% agarose gels (0.5× TBE) on a FIGE-Gel Mapper Electrophoresis System (Bio-Rad) according to the manufacturer's protocol.
For the size estimation of YACs, PFGE of yeast DNA was performed in 1% low melting point agarose in 0.5× TBE on a CHEF PFGE System (Bio-Rad) (6 V/cm, 13 h switch time intervals of 50 s, 9 h switch time intervals of 90 s, electrophoresis buffer chilled at 14_C).
Hybridization probes
The hybridization probe for the isolation of a mouse Nap1l4 cDNA clone was amplified by PCR from clone P1-15 (primers Pr 1, Pr 2, Table 1 ).
P1, BAC and YAC clones were isolated and mapped using the following murine probes: (i) cDNA probes of Mash2 (kindly provided by F. Guillemot) and Nap1l4; (ii) genomic probes of Igf2 and Ins2; and (iii) RT-PCR probes from Cdkn1c (primers Pr 3, Pr 4, Table 1 ) and from the exons 4-11 of Kcnq1 (primers Pr 5, Pr 6, Table 1 ) (22) .
The following probes were used to characterize the clone contig by Southern blot hybridization: RT-PCR probes of Kcnq1, exon 1α-2 (primers Pr 7, Pr 8, Table 1 ), exon 10 (primers Pr 9, Pr 10, Table 1 ) and 3′ UTR (primers Pr 11, Pr 12, Table 1 ). A 5′ RACE product (see below) including the exons 1β, 1γ, 1ε and 1 was used for the localization of these exons on the clone contig. A probe for Tssc3 (21) was amplified from clone P1-15 using the primer pair Pr 13 and Pr 14 ( EcoRI-restricted vector DNA of P1 and BAC clones was used for the characterization of regions of overlap. Probes specific for the flanks of the P1 clone were generated by the following method: P1 DNA was restricted either with ApoI or with Csp6I and religated according to standard protocols (68) . The end-specific probes were amplified from the religated DNA using either the primer pair Pr 19, Pr 20 (Table 1) for DNA cut with ApoI or the primer pair Pr 21, Pr 22 (Table 1) for DNA cut with Csp6I. 
Quantification of allele-specific RT-PCR products
For the analysis of the allele-specific expression of Kcnq1 and Nap1l4, C57BL/6 females were crossed with SD7 males and vice versa. Tissues were collected from embryos and newborn mice obtained from these crosses. Nap1l4 RT-PCR products (Pr 31, Pr 32, Kcnq1 RT-PCR products and Nap1l4 restriction fragments were resolved on a 10% non-denaturing polyacrylamide gel. The intensities of the different alleles were quantified using the Gel Documentation System.
Single nucleotide primer extension (SNuPE)
SNuPE was performed for quantification of allele-specific RT-PCR products of Nap1l4. Mus m.domesticus and M.spretus alleles show a G/A base exchange polymorphism at nucleotide 980 (accession no. AJ002198) which is suitable for SNuPE assays. RT-PCR products (primers Pr 35, Pr 36, Table 1 ) were purified from 1% agarose gels (1× TBE) using the QIAEX II Kit, (Qiagen). SNuPE was carried out in a 25 µl reaction on 50-100 ng of template in the presence of 0.5 U of PwoI polymerase (Boehringer Mannheim) and 100 pmol of primer Pr 37 (Table 1) . For each PCR product, two primer extension reactions were carried out: one in the presence of 0.3 nmol (0.037 MBq) of [α-32 P]dCTP (M.m.domesticus-specific extension products) the other in the presence of 0.3 nmol (0.037 MBq) of [α-32 P]dTTP (M.spretus-specific extension products) (five cycles: 30 s, 94_C; 30 s, 55_C; 30 s, 68_C). The extension products were separated on a denaturing 12% polyacrylamide gel. The signal intensities were scanned using the Phosphoimager System (Molecular Dynamics).
5′ Rapid amplification of cDNA ends (RACE)
5′ RACE was carried out using the Gibco BRL system, version 2, according to the protocol of the manufacturer. First strand cDNA from murine adult heart RNA was synthesized by reverse transcription using the Kcnq1-specific primer Pr 38 ( Table 1 ). The PCR product was generated by nested PCR: 35 amplification cycles using the anchor-primer provided and the Kcnq-specific primer Pr 39 (Table 1 ) (1.5 mM MgCl 2 , annealing temperature: 55_C), 30 cycles on 1:1000 diluted PCR product using the anchor primer and a second gene-specific primer Pr 40 (Table 1 ) (same conditions as the first amplification).
The 5′ RACE product was verified by RT-PCR using Pr 39 and Pr 41 which is specific for the 5′ end (exon 1β) of the 5′ RACE product. The tissue-specific expression of splice variants I and II was analysed by RT-PCR on randomly primed cDNA using either the primers Pr 7 and Pr 8 (splice variant I) or Pr 39 and Pr 42 (splice variant II).
The amplification of the 5′ end of the Nap1l4 transcript was performed using randomly primed cDNA synthesized from total RNA of a mouse embryo (C57BL/6, 16 d.p.c.). For the amplification, the anchor primer provided and the Nap1l4-specific primer Pr 43 (Table 1) were used (1.5 mM MgCl 2 , four cycles at 55_C annealing temperature, 30 cycles at 60_C annealing temperature).
Sequencing
Sequencing was performed from cloned PCR products (TA cloning kit; Invitrogen) and cloned restriction fragments (68) using the ABI DNA Sequencing System (PE Applied Biosystems).
